Doublecortin X (DCX), known to be essential for neuronal migration and cortical layering in the developing brain, is a 40 kDa microtubule (MT)-associated protein. DCX directly interacts with MTs via its two structured doublecortin (DC) domains, but the dynamics of this association and the possible regulatory roles played by the flanking unstructured regions remain poorly defined. Here, we employ quantitative fluorescence recovery after photobleaching (FRAP) protocols in living cells to reveal that DCX shows remarkably rapid and complete exchange within the MT network but that the removal of the C-terminal region significantly slows this exchange. We further probed how MT organization or external stimuli could additionally modulate DCX exchange dynamics. MT depolymerisation (nocodazole treatment) or stabilization (taxol treatment) further enhanced DCX exchange rates, however the exchange rates for the C-terminal truncated DCX protein were resistant to the impact of taxol-induced stabilization. Furthermore, in response to a hyperosmotic stress stimulus, DCX exchange dynamics were slowed, and again the C-terminal truncated DCX protein was resistant to the stimulus.
Results and Discussion
Doublecortin X (DCX) association with MTs is highly dynamic. The interaction of DCX with MTs has been well defined by previous structural studies of purified proteins in vitro, including high resolution cryo-electron microscopy 9, 11 . Whilst those studies reveal the positioning of DCX on the MT lattice, highlighting DCX binding to the corner of four neighboring tubulin dimers 10 , they present a static view of this interaction.
To address the dynamics of the association of DCX with MTs in living cells, we performed fluorescence recovery after photobleaching (FRAP) analyses. For our studies, our choice was the COS-1 cell line because analyses in these cells would not be confounded by endogenous DCX and studies of cytoskeleton organisation and regulation are facilitated by the large, well-spread cytoplasm of these cultured cells 12 . In FRAP protocols, the rate of fluorescence recovery in a defined photobleached zone indicates how fast neighbouring fluorescent molecules arrive to fill the photobleached area. Furthermore, the extent of fluorescence recovery reflects the exchangeable pool of fluorescent molecules, with full recovery indicative of a complete exchange but lower, fractional recoveries indicative of less mobile populations of these fluorescent molecules. FRAP has been instrumental in defining transport kinetics between and within specific intracellular organelles [13] [14] [15] as well revealing the binding dynamics of the non-membrane bound proteins including MTs and the interactions of MTs with associated proteins 16, 17 . In particular, the binding features of MT-associated proteins such as tau and stathmin, have been previously analysed by FRAP protocols 17 .
As a control for our FRAP analyses, we initially monitored the recovery of GFP-α-tubulin fluorescence when expressed alone or when co-expressed with wild-type (WT) myc-DCX (Fig. 1A, upper and lower panels, respectively). The progress of fluorescence recovery is further illustrated in the supplementary movie (Supplementary Movie S1A) and the zoom of the photobleached area fluorescence recovery ( Supplementary Fig. S1A ). We observed a slow recovery of GFP-α-tubulin ( Fig. 1C , filled triangle) and of GFP-α-tubulin in the presence of myc-DCX WT (Fig. 1C , open triangle). We extended these observations by quantitative analysis of fluorescence recovery with exponential curve fitting to reveal that the presence of myc-DCX WT further slows both the recovery initial rate ( Fig. 1D ) and the time to achieve the half-maximal recovery (t ½ ) for GFP-α-tubulin ( Fig. 1E) . Moreover, the presence of myc-DCX WT marginally lowered the maximum recovery of GFP-α-tubulin in the previously bleached area (Fig. 1F) , indicative of the actions of DCX to increase the immobilised pool of tubulin within these MT structures. These findings are consistent with the observed increased dynamic exchange of GFP-α-tubulin when MTs were depolymerized by nocodazole or the slowed exchange for MTs bundled by taxol ( Supplementary Fig. S2 ). These analyses reiterate the slow exchange of tubulin within MT structures that can be slowed by MT bundling by either chemical means (taxol) or by the expression of DCX.
We then extended our FRAP analyses to evaluate the dynamics of association of DCX with the MT network by assessing the fluorescence recovery of full-length GFP-tagged DCX. We observed a near-complete recovery of GFP-DCX WT associated with MTs within 20s ( Fig. 1B and C filled circle, Supplementary Movie S1B) and the zoom of the photobleached area fluorescence recovery ( Supplementary Fig. S1B ). Quantitative analysis revealed that the initial rate of recovery for GFP-DCX WT was significantly faster than that recorded for all our assessments of GFP-α-tubulin ( Fig. 1C inset, and Fig. 1D ) with the time to reach half-maximal recovery (t ½ ) being significantly faster than that observed for GFP-α-tubulin either in the presence or in the absence of myc-DCX WT (Fig. 1E ). Furthermore, the maximum recovery of GFP-DCX WT in the previously bleached area was significantly higher than observed for tubulin ( Fig. 1F ), indicative of the near complete and rapid exchange of DCX on these MT structures. Similar results were obtained regardless of the choice of MT bundle thickness in GFP-DCX-WT expressing cells, with calculated values for initial rate of recovery, t ½ , and maximum recovery showing not statistically significant difference when exchange for thick or thin MT bundles were compared ( Supplementary Fig. S3 ; thick MT bundles defined as >1 μm width, thin MT bundles defined as <1 μm width). Furthermore, dynamic exchange of GFP-DCX-WT was observed in the SH-SY5Y neural cell line, extending the relevance of these findings to a neuronal context ( Supplementary Fig. S4 ). Thus, although DCX is known to bind, stabilise and nucleate MTs 18 , our quantitative FRAP analyses reveal that the MT-DCX interaction is one that shows rapid and dynamic exchange of DCX in living cells. This dynamic association with MTs has been largely unappreciated for DCX, but is consistent with recent qualitative observations of rapidly fluctuating speckled patterns of DCX labelling along MTs as assessed in time-lapse recordings in living cells 19 .
DCX C-terminal deletion increases its MT association and alters MT distribution. The two DC
domains of DCX, DC1 and DC2, show high sequence similarity 8, 11 . Multiple studies indicate that the DC domains are critical for the direct interaction of DCX with MTs 9 . Whilst DC1 and DC2 are separated by a 20 amino acid unstructured linker (L) sequence, two additional predicted unstructured regions form the DCX N-terminus (N) and C-terminus (C) 8 ( Fig. 2A, upper) . Because numerous serine/threonine kinases that impact on MT organization are known to target the DCX C-terminal sequence [20] [21] [22] [23] [24] [25] , we proposed that the DCX C-terminus contributes to the regulation of DCX-MT interaction dynamics. To evaluate this possibility, we created GFP-DCX ΔC (i.e. GFP-tagged DCX residues 1-275, thus lacking DCX residues 276-366), a C-terminally truncated construct lacking the entire region flanking DC2 ( Fig. 2A , lower panel). Both GFP-DCX WT and GFP-DCX ΔC were expressed at comparable levels at their expected sizes ( Fig. 2B ). In live cell imaging using the dye SIR-tubulin to visualise the MT network, we observed the close co-association of both GFP-DCX WT and GFP-DCX ΔC with tubulin ( Fig. 2C ). These results, confirmed by quantitative analysis using Pearson cross correlation analysis, further revealed a statistically significantly higher correlation for GFP-DCX ΔC (Fig. 2D ). Similar results were obtained for C-terminal GFP fusions of the DCX proteins, DCX WT-GFP and DCX ΔC-GFP ( Supplementary  Fig. S5A -D). We used a skewness value calculation for N-terminal and C-terminal GFP fusions of the DCX Scientific RepoRts | 7: 5245 | DOI:10.1038/s41598-017-05340-x protein to assess their organization within the cytosol. This calculation of the asymmetrical fluorescence distribution also indicated a significant impact by the loss of the DCX C-terminus ( Supplementary Fig. S5E and F, respectively) so that the loss of the C-terminus results in a decreased calculated skewness value, i.e. a more symmetrical distribution (wherein skewness calculated as >1 represents highly asymmetrical and skewness 0 = symmetrical).
To assess the interaction of these DCX proteins with MTs, we immunoprecipitated GFP-tagged constructs using "GFP-trap" beads and detected the associated tubulin by immunoblotting the precipitated pellet fraction ( Fig. 2E , left panel). Complete capture of GFP-DCX WT and GFP-DCX ΔC by the incubation with GFP-trap beads was confirmed by the absence of these proteins in the supernatant fractions ( Fig. 2E , right panel). For comparable levels of immunoprecipitated GFP-DCX proteins, we observed higher tubulin levels associated with GFP-DCX ΔC, a result confirmed by quantitative analysis over 3 independent experiments ( Fig. 2F ). These results indicate an increased association of DCX ΔC with the tubulin of the MT network, consistent with the higher association with MTs ( Fig. 2C ,D and Supplementary Fig. S2C ,D), observations that could be directly explored in subsequent experiments using live cell imaging and quantitative FRAP protocols. Importantly, these results point to a critical contribution by the DCX C-terminus in the regulation of the DCX-MT interaction.
DCX C-terminal deletion slows DCX dynamic association with MTs. DCX interactions with MTs
have been recently observed to be highly sensitive to MT curvature (i.e. straight versus curved MT structures) with increased DCX binding to the straight, GDP-MT lattice conformation but dissociation from MTs with increasing local curvature 19 . To address how the DCX C-terminus could contribute to interactions with MTs, we extended our quantitative FRAP studies to examine the behaviour of both GFP-DCX WT and GFP-DCX ΔC under conditions of MT depolymerisation (i.e., +Nocodazole) or stabilization (i.e., +Taxol) 19, 26-28 . As per our initial FRAP protocol observations ( Fig. 1) , we observed the rapid and near complete fluorescence recovery for GFP-DCX WT indicative of its high mobility and association with MTs ( Fig Supplementary Fig. S1C ).
Quantitative analysis for GFP-DCX WT in the presence of nocodazole or taxol confirmed significantly faster initial rates of recovery ( Fig. 4A ) and faster times for half-maximal recovery (Fig. 4B) , without any significant effect on the maximal recovery ( Fig. 4C ). Thus, our results suggest that the accessibility of full length DCX to the MT lattice can be enhanced in the presence of taxol, so that recoveries are comparable to those in absence of MT structures in the presence of nocodazole. This differs from previous observations of rapid dissociation of DCX from straight MTs in the presence of the taxol relative paclitaxel 19 but emphasizes that measurements of binding association are also critical in determining DCX interaction dynamics with MTs. Interestingly, the MT-associated protein tau has also been shown to recognise paclitaxel-induced MT changes, however this sensitivity to paclitaxel has not been observed in other members of the MT-associated protein family 26, 29 . Thus, further studies are needed to address the mechanisms underlying the sensing of MT changes by both Tau and DCX.
To address the possible regulatory role for the DCX C-terminus in dictating the DCX-MT association, we extended our analysis to include a FRAP protocol for GFP-DCX ΔC (Fig. 3C upper panels, Fig. 3D filled triangles). Immunoblot analysis confirmed equivalent expression of the GFP-DCX constructs was detected under these treatment conditions (Fig. 3E ). The progress of fluorescence recovery is further illustrated in the supplementary movies (Supplementary Movie S2B) and the zoom of the photobleached area fluorescence recovery ( Supplementary Fig. S1D ). Quantitative analysis for GFP-DCX ΔC showed its recovery was slower than the recovery of GFP-DCX WT (Fig. 4A) , with longer times for half-maximal recovery (Fig. 4B ), but with compromised maximal recovery (Fig. 4C ). As noted for GFP-DCX-WT, the calculated values for initial rate of recovery, t ½ , and maximum recovery in the presence of GFP-DCX ΔC were not statistically significant difference when exchange for thick or thin MT bundles were compared ( Supplementary Fig. S6 , thick MT bundles defined as >1 μm width, thin MT bundles defined as <1 μm width). For all parameters, results for GFP-DCX WT and GFP-DCX ΔC were indistinguishable in the presence of nocodazole, consistent with the differences under control conditions reflecting intrinsic properties of these proteins rather than additional intracellular factors. However, we also noted that the initial rates of recovery and the times for half-maximal recovery for GFP-DCX ΔC in the presence of taxol or under control conditions were not significantly different (Fig. 4A,B ) albeit that maximal recovery was slightly but significantly improved (Fig. 4C) . These results reveal that DCX loses its sensitivity to taxol-induced changes in the absence of its C-terminus, emphasizing a need for improved understanding of the mechanisms of action of taxol as a MT stabilizer 28 .
The DCX C-terminus can mediate influences of environmental stress on DCX dynamic changes in association with MTs.
In the preceding studies, our direct modulation of MT organization influenced DCX-MT association revealing that the DCX C-terminus makes a significant contribution. To address an involvement of the DCX C-terminus in mediating changes following alterations of the cellular environment, we chose to expose cells to environmental stress as initiated by the hyperosmolarity initiated by high concentrations of the non-metabolizable sugar, sorbitol 30 . Thus, we added 0.5 M sorbitol to the cell culture medium, inducing hyperosmotic stress for 1 h prior to further analysis and assessed the dynamics of exchange of GFP-DCX WT and GFP-DCX ΔC proteins in our quantitative FRAP protocols ( Fig. 5A and C) . For GFP-DCX WT, hyperosmolarity slowed the fluorescence recovery into the bleached area (Fig. 5B) indicating a clear impact on the dynamic association of DCX with the MT network; in contrast we observed no impact of hyperosmolarity on the recovery rate for GFP-DCX ΔC (Fig. 5D ). Immunoblot analysis confirmed equivalent expression of the GFP-DCX constructs was detected under these hyperosmotic conditions (Fig. 5E ). The progress of fluorescence recovery is further illustrated in the supplementary movies ( Supplementary Movie S3A and B ) and the zoom of the photobleached area fluorescence recovery ( Supplementary Fig. S1E and F) .
Quantitative FRAP analysis revealed that sorbitol-induced hyperosmotic stress significantly slowed the rate of fluorescence recovery (Fig. 6A ) and the half-time of maximum recovery (Fig. 6B) . Moreover, the maximal recovery was decreased for GFP-DCX WT, suggesting that hyperosmotic stress increases the pool of less mobile GFP-DCX WT in association with the MT network ( Fig. 6C ). However, in the absence of DCX C-terminus, sorbitol-induced hyperosmotic stress did not significantly change the dynamics of association or maximal recovery of GFP-DCX ΔC (Fig. 6A-C) suggesting an important role of the DCX C-terminus in the modulation of DCX dynamics as part of the response to hyperosmotic stress exposure.
Lastly, as an impact of hyperosmotic stress on tubulin exchange dynamics may also underlie the altered DCX dynamic exchange we observed, we applied our quantitative FRAP protocols to assess GFP-α-tubulin in the presence of sorbitol and also in the presence of DCX WT and DCX ΔC ( Fig. 7A-C) . The progress of fluorescence recovery is further illustrated in the supplementary movies ( Supplementary Movie S4A and B ) and the zoom of the photobleached area fluorescence recovery ( Supplementary Fig. S1G and H) . We observed that hyperosmolarity slowed the GFP-α-tubulin fluorescence recovery into the bleached area, with further slowing in the presence Scientific RepoRts | 7: 5245 | DOI:10.1038/s41598-017-05340-x of DCX WT but not DCX ΔC (Fig. 7B ). Immunoblot analysis confirmed equivalent expression of the myc-DCX constructs was detected under these hyperosmotic stress conditions (Fig. 7C) . For all parameters, expression of DCX ΔC did not further influence the changes noted under hyperosmotic stress (Fig. 8) . These results thus further emphasize the critical requirement for the DCX C-terminus in influencing tubulin exchange. Taken together, our studies probing DCX-MT interactions highlight a dynamic relationship that is largely unexpected when considering previous cryoEM structural studies 9, 11 . Importantly, rapidly exchanging pools of other MT-associated proteins have been recently revealed, including the very fast dynamics of Tau-MT interactions that are critical in promoting neuronal MT assembly without impeding MT-dependent intracellular transport events 31 . For DCX, we have demonstrated that its interaction with MTs is sensitive to MT stabilization, with the likely unstructured DCX C-terminus significantly contributing. It will now be important to further probe how the C-terminus of DCX can influence the DC domain interactions with MTs, particularly as the N-terminal and C-terminal regions flanking the DC domains of DCX remain unresolved in structural studies so that their positioning relative to the DC domains and the MT surface are unknown. Given that the C-terminus is a target for multiple different serine/threonine kinases including c-Jun N-terminal kinase, Cyclin-dependent kinase-5 and protein kinase A [20] [21] [22] [23] [24] , the role of phosphorylation-dependent regulation, either by allosteric modulation of DCX itself or via recruitment of additional DCX-interacting partners, should be a top priority for future exploration.
Methods
Mammalian expression plasmids. The coding region of human DCX was amplified (source plasmid = pGEX-4T1-DCX full-length 12 ) with appropriate cloning sites, by PCR (i.e. XhoI and HindIII restriction sites for GFP-DCX WT and myc-DCX WT, EcoRI and KpnI restriction sites for DCX WT-GFP). The PCR primer pairs are listed in Supplementary Table S1 . pGFP-C3, pGFP-N3 and pXJ40-myc plasmid vectors (Addgene) were used to generate the DCX WT-GFP, GFP-DCX WT and myc-DCX WT constructs, respectively. We also generated GFP-tagged DCX C-terminally truncated constructs lacking the entire region flanking DC2 (i.e. DCX residues 1-275, thus lacking DCX residues 276-366): GFP-DCX ΔC and DCX ΔC-GFP. All constructs were validated by restriction digestion and full sequence analysis.
Cell culture, transfection and treatments. Cells Proteins of interest were detected using the following primary antibodies: anti-GFP (Abcam 13970), anti-DCX (ThermoFisher Scientific 48-1200) and anti-α-tubulin (Sigma T6074). After incubation with horseradish peroxidase-linked secondary antibodies (ThermoFisher Scientific), immunoreactive proteins were visualised using an enhanced chemiluminescence detection system (ThermoFisher Scientific) and quantitation carried out using FIJI 2.0 public domain software (National Institutes of Health).
Immunoprecipitation was performed by incubating protein lysates (2 mg) together with GFP-trap beads (ChromoTek) at 4 °C overnight, with continuous end-to-end mixing on a rotating wheel. GFP-trap beads were separated from supernatant by centrifugation (16,000 g, 30 s) and beads were thoroughly washed (3x washing with 0.5 ml lysis buffer) with lysis buffer before precipitated proteins were eluted by the addition of 3x protein sample buffer and boiling (100 °C, 5 min). Precipitated protein and supernatants were resolved by SDS-PAGE and immunoblotted as above.
Live-cell imaging microscopy and image analysis. COS-1 cells were seeded on eight-well µ-slides (Ibidi) and transiently transfected with plasmids encoding GFP-DCX WT or GFP-DCX ΔC. At 24 h post-transfection, the culture medium was replaced with fresh medium containing a final concentration of 10 nM SiR-tubulin dye (Cytoskeleton Inc.). After additional incubation (12 h) with the SiR-tubulin dye, the culture medium was replaced with pre-warmed Phenol-Red-free DMEM growth medium. Images were captured on a Leica TCS SP5 confocal microscope equipped with an environmental chamber (37 °C, 5% CO 2 ) using a 63x 0.9 NA objective (Biological Optical Microscopy Platform, University of Melbourne).
The Pearson correlation coefficient was applied to quantify the degree of colocalisation between fluorophores using FIJI software. A higher Pearson correlation coefficient corresponds to greater colocalisation of MTs with DCX constructs 32 .
To study the distribution of MT bundles, a skewness value analysis was applied using FIJI image analysis software. The skewness moment calculator plugin of FIJI measures the asymmetrical fluorescence distribution; specifically the skewness value (Sk) is calculated as:
Thus, the interpretation of the spatial moments by skewness value in x and y corresponds to Sk = 0 indicating a symmetric distribution of the detected fluorescent tag, but Sk < 0 or > 0 indicating asymmetric distribution of the detected fluorescent tag. In our study, a higher skewness (Sk > 0) value corresponds to a more heterogeneous distribution of MTs 33 .
Fluorescence recovery after photobleaching (FRAP) analysis. Photobleach analyses were performed with cells maintained in Phenol-Red-free growth medium at 37 °C with 5% CO 2 supplied to the microscope chamber. Images were captured on a Leica TCS SP5 confocal microscope equipped with an environmental chamber (37 °C, 5% CO 2 ) using a 63x 0.9 NA objective (Biological Optical Microscopy Platform, University of Melbourne). Ten prebleach images were collected with excitation at 488 nm prior to photobleaching. A small region of interest (ROI) was then photobleached (1 s, 100% laser power). Each ROI encompassed MT structures typical of the treatment condition (e.g. thick MT bundles upon DCX expression). Where indicated, additional comparisons of different MT bundles in individual cells were performed, with results recorded for thick MT bundles (defined as >1 μm width) and thin MT bundles (defined as <1 μm width).
Fluorescence recovery was recorded at 3-s intervals for 60 s. FRAP measurements (n = 10) from three independent experiments were normalized as described previously 27, 34 :
frap norm(t) w hole prebleach whole(t) b g(t) frap(t) b g(t) frap prebleach where F frap(t) is the fluorescence recovery in the photobleached ROI at time t, F whole(t) is the whole-cell fluorescence and F bg(t) is the background region fluorescence intensity (outside the cell). F frap-prebleach and F whole-prebleach represent mean prebleach fluorescence intensity of the photobleached ROI and the whole cell, respectively. Normalised FRAP measurements were plotted against postbleach recovery time and the resulting data fitted with the double exponential equation: 
